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Abstract: 
Background 
Atherosclerotic plaque in the descending thoracic aorta (dAo) is related 
to altered wall shear stress (WSS) for normal patients. Resection with end-to-
end anastomosis (RWEA) is the gold standard for coarctation of the aorta 
(CoA) repair, but may lead to altered WSS indices that contribute to 
morbidity. 
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Methods 
Computational fluid dynamics (CFD) models were created from 
imaging and blood pressure data for control subjects and age- and gender-
matched CoA patients treated by RWEA (4 male, 2 female, 15±8 years). CFD 
analysis incorporated downstream vascular resistance and compliance to 
generate blood flow velocity, time-averaged WSS (TAWSS) and oscillatory 
shear index (OSI) results. These indices were quantified longitudinally and 
circumferentially in the dAo, and several visualization methods were used to 
highlight regions of potential hemodynamic susceptibility. 
Results 
The total dAo area exposed to subnormal TAWSS and OSI was similar 
between groups, but several statistically significant local differences were 
revealed. Control subjects experienced left-handed rotating patterns of 
TAWSS and OSI down the dAo. TAWSS was elevated in CoA patients near the 
site of residual narrowings and OSI was elevated distally, particularly along 
the left dAo wall. Differences in WSS indices between groups were negligible 
more than 5 dAo diameters distal to the aortic arch. 
Conclusions 
Localized differences in WSS indices within the dAo of CoA patients 
treated by RWEA suggest that plaque may form in unique locations influenced 
by the surgical repair. These regions can be visualized in familiar and intuitive 
ways allowing clinicians to track their contribution to morbidity in longitudinal 
studies. 
 
Introduction 
Deleterious hemodynamic alterations influence the onset and 
progression of atherosclerosis(1), but the ramifications of associated 
flow disturbances in vessels such as the thoracic aorta where complete 
blockage is unlikely have not yet been fully elucidated. Clinical findings 
such as aortic root dilation are associated with altered hemodynamics, 
and more detailed knowledge is important in order to completely 
understand thoracic diseases including coarctation of the aorta (CoA). 
Recently, 4D imaging sequences have been developed and 
implemented for this purpose and offer intriguing results(2, 3). For 
example, in a study of healthy young adults(3) areas of low time-
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averaged wall shear stress (WSS) and elevated oscillatory shear index 
(OSI) were found in a rotating pattern progressing down the 
descending aorta (dAo). A study of ten middle-aged adults with pre-
existing plaques revealed similar WSS patterns that correlated with 
areas of atherosclerotic plaque(4). Computational fluid dynamics (CFD) 
enables detailed spatiotemporal quantification of hemodynamics based 
on MRI and blood pressure (BP) data. Thus CFD may be used in 
concert with imaging to determine sites of atherosclerotic susceptibility 
based on regional and local hemodynamic alterations in longitudinal 
studies. 
CoA patients often suffer from resting or exercise-induced 
hypertension, early onset coronary artery disease and reduced life 
expectancy(5). Previous studies have hinted that long-term morbidity 
in native CoA patients may result from adverse changes in the conduit 
(i.e. blood flow) and cushioning (ie. aortic capacitance) function of the 
thoracic aorta(6), but much of this morbidity remains even after 
surgical or interventional treatment. These findings suggest that 
preoperative hemodynamics may cause lasting complications, or that 
treatments may establish suboptimal long-term blood flow 
distributions. The use of CFD in patients with native or treated CoA(7, 
8) has only recently been demonstrated and much remains to be 
understood. The objective of the current investigation was to 
characterize normal velocity patterns and indices of WSS in the 
thoracic aorta of control subjects and contrast these findings with 
those from a group of age and gender-matched CoA patients treated 
using resection with end-to-end anastomosis, the gold standard 
surgical treatment for this condition. Our approach was to quantify 
these results using a level of detail that has not yet been reported in 
the literature. Furthermore, we proposed visualization techniques that 
may improve the translation of this quantitative information to 
clinicians and researchers in an informative and intuitive fashion. 
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Methods 
Magnetic Resonance Imaging (MRI) and CFD model 
construction 
MRI was performed for six patients (4 male, 2 female, 15±8, 
range 5-26 years) previously treated for CoA by resection with end-to-
end or extended end-to-end anastomosis as well as for six age and 
gender-matched control subjects. Scans were conducted after IRB 
approval as part of clinically ordered imaging sessions (CoA) or 
ongoing research scans (control). Prior to protocol enrollment, verbal 
and written information was provided and informed consent or assent 
was obtained from participants or their parents/guardians. 
Gadolinium-enhanced magnetic resonance angiography (MRA) and 
phase contrast MRI (PC-MRI) were used to delineate vascular 
morphology(9, 10) and calculate time-resolved volumetric blood 
flow(9) as described elsewhere(7). Upper and lower extremity BPs 
were measured after each study using an automated sphygmometer 
cuff with participants in the supine position. BP data was unavailable 
for two control subjects, but normal values based on age and gender 
were obtained from literature(11). MRA data was processed for 
gradient nonlinearities(12) before CFD models were created (Figure 1) 
using the SimVascular software package (https://simtk.org)(10) and 
discretized using MeshSim (Simmetrix, Clifton Park, NY). 
NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 
Congenital Heart Disease, Vol. 6, No. 5 (September 2011): pg. 432-443. DOI. This article is © Wiley and permission has 
been granted for this version to appear in e-Publications@Marquette. Wiley does not grant permission for this article to 
be further copied/distributed or hosted elsewhere without the express permission from Wiley. 
6 
 
 
Figure 1 Schematic illustration of the orthogonal locations along the descending 
thoracic aorta where circumferential TAWSS and OSI plots were quantified in each of 
the six control subjects (top row) and ageand gender-matched coarctation patients 
treated by resection with end-to-end anastomosis (bottom row). The relative size of 
models shown has been adjusted to appreciate differences between groups and 
individual patients. Arrows identify the location of residual narrowing for each CoA 
patient. The top right image shows the convention used to define luminal surfaces by 
their outer or inner curvatures, and anatomic left or right sides. The bottom right 
image provides a key for the division of circumferential TAWSS and OSI plots into 16 
equal sectors, where a = anatomic inner left curvature, b = anatomic outer left 
curvature, c = anatomic outer right curvature, d = anatomic inner right curvature. 
Specification of boundary conditions 
Ascending aorta (AscAo) PC-MRI waveforms were mapped to 
the inlet face of corresponding CFD models using a temporally varying 
parabolic flow profile. Flow waveforms obtained from the innominate 
(IA), right and left carotid (RCA,LCA) and subclavian arteries (LSA) 
and dAo were used with measured BP data to prescribe outflow 
boundary conditions as discussed below. PC-MRI data was unavailable 
for three control subjects. Resting cardiac output for these patients 
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was determined from BSA and an assumed normal cardiac index of 3.5 
L/min/m2. The resting inflow waveform contour was obtained by 
ensemble averaging PC-MRI waveforms measured in healthy 
children(13) and scaling to BSA(14), while flow to branches was 
estimated from a known relationship between their diameter and 
AscAo flow(15). 
To replicate the physiologic effect of arterial networks distal to 
CFD model branches, three-element Windkessel model(16) outlet 
boundary conditions were imposed using a coupled-multidomain 
method(17, 18). This method provides a simple and intuitive 
representation of the arterial tree beyond model outlets and can be 
described by three parameters with physiologic meaning: 
characteristic (i.e. regional) resistance (Rc), arterial capacitance (C) 
and distal resistance (Rd). The total arterial capacitance (TAC) for each 
patient was determined from inflow and BP measurements assuming a 
characteristic-to-total resistance ratio of 6%(19). The TAC was then 
distributed among outlets according to their blood flow 
distributions(20). Once the capacitance terms for each branch were 
assigned, the terminal resistance (Rt) was calculated from mean BP 
and flow and distributed between the characteristic and distal 
resistance parameters by adjusting Rc:Rt ratios (6-10%) to replicate 
measured BP using the pulse pressure method(21, 22). 
CFD simulations 
Simulations were performed using a novel stabilized finite 
element method to solve equations for the conservation of mass 
(continuity) and balance of momentum of an incompressible fluid 
(Navier-Stokes)(18). Meshes contained ~3 million tetrahedral 
elements and localized refinement was performed using an adaptive 
technique(23, 24) to deposit more elements in regions prone to flow 
disruption(24). Simulations were run for 4-6 cardiac cycles until the 
flow rate and BP fields yielded periodic solutions. 
Results for blood flow velocity, BP and WSS were visualized 
using SimVascular and ParaView (Kitware, Inc., Clifton Park, New 
York)(14). WSS results were analyzed by examining time-averaged 
WSS (TAWSS) and OSI values as previously described (14). Mean 
TAWSS and OSI values in the dAo at the level of the diaphragm across 
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all control subjects were considered to determine threshold values for 
quantifying areas of potentially low TAWSS (<15 dyn/cm2) or high OSI 
(>0.15). This region was used as it is unlikely to be impacted by 
diseases of the thoracic aorta. Values for WSS indices were also 
extracted longitudinally along the inner and outer curvatures of the 
thoracic aorta as well as along its anatomic right, and left sides (Figure 
1, top right). A previous study demonstrated that indices of WSS are 
influenced by aortic valve morphology in the AscAo, but this impact is 
minimal beyond the transverse arch (TA)(25). Therefore, 
circumferential values were similarly extracted distal to the LSA at 
fixed intervals (multiples of the dAo outlet diameter). Circumferential 
results at each location were divided into 16 sectors of equal size and 
values within each sector were averaged (Figure 1, bottom right). The 
spatial locations where circumferential values were obtained for each 
CFD model are depicted in Figure 1. Data are expressed as mean ± 
standard error of the mean (SEM). Values were compared between 
groups using student's t-test and a P-value <0.05 was considered 
statistically significant. 
Results 
During early systole, velocity streamlines for control subjects 
are fully attached to the vessel wall with values of 40-80 cm/s in the 
center of the AscAo. Once entering the TA, velocity profiles become 
skewed toward the inner wall and reveal smooth laminar flow from the 
aorta to the head and neck vessels (supplement Fig S1). CoA patients 
also have skewing of velocity toward the inner wall during early 
systole, but regions of elevated velocity (>100 cm/sec) were observed 
in the TA and in areas of residual narrowing near the coarctation repair 
for patients 2-6. Several CoA patients also exhibited vortices near the 
TA and/or in the vicinity of the end-toend correction. Streamlines for 
control and CoA patients during mid-to-late systole shown in Figure 2 
are consistent with the second of three time points illustrated by Kilner 
et al. in their description of blood flow patterns in the thoracic 
aorta(26). In most control subjects, CFD results show skewing of 
velocity along the outer curvature and the development of right-
handed helical flow with elevated velocity (>100 cm/s) near the center 
of the arch. The dAo contains primarily forward-directed velocity with 
the development of left-handed rotation as it progresses distally 
(Figure 2, top row). Conversely, residual or recurrent narrowings 
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within the TA or coarctation regions of CoA patients caused 
acceleration of blood that frequently impinged on the posterior wall of 
the dAo and led to more erratic downstream flow patterns before 
becoming longitudinally-oriented in some patients (e.g. 5 and 6). At 
end systole, velocity streamlines primarily show swirling and rotational 
flow throughout the aorta of both control subjects and CoA patients 
(supplement Fig S2). 
 
Figure 2 Blood flow velocity streamlines during mid-to-late systole for the six 
control subjects (top row) and age- and gender-matched coarctation patients treated 
by resection with end-to-end anastomosis (bottom row). Related images of blood flow 
velocity streamlines during early and late systole can be found in the online data 
supplement. 
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Figures 3 and 4 show spatial distributions of TAWSS and OSI, 
respectively. In control patients, elevated TAWSS (>50 dyn/cm2) was 
generally observed just distal to the ostium of the head and neck 
vessels and lower TAWSS (<15 dyn/cm2) was localized on the inner 
luminal surface of the thoracic aorta. Regions near the repair site for 
CoA patients had higher TAWSS values followed by low TAWSS values 
downstream within the dAo. Areas of OSI >0.15 reflective of flow 
separation were confined to the inner luminal surface of the dAo for 
control subjects, particularly near the region of the ductal ampulla 
where right-handed helical flow is known to transition into left-handed, 
longitudinally-directed flow(26). Conversely, sites of potentially 
deleterious high OSI are observed slightly downstream of the surgical 
repair sites for CoA. 
 
Figure 3 Distributions of time-averaged wall shear stress for the six control 
subjects (top row) and age- and gender-matched coarctation patients treated by 
resection with end-to-end anastomosis (bottom row). 
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Figure 4 Distributions of oscillatory shear index for the six control subjects (top 
row) and age- and gender-matched coarctation patients treated by resection with end-
to-end anastomosis (bottom row). 
Differences in the total area of the dAo exposed to low TAWSS 
or elevated OSI in the dAo were not statistically significantly between 
groups (TAWSS: control=54±17% vs CoA=36±9%; OSI: 
control=30±7% vs CoA=29±12%). However, longitudinal plots of 
TAWSS and OSI 1 to 7 diameters downstream of the LSA in Figures 5 
and and66 reveal several regional differences. In control subjects, 
TAWSS was ~35 dyn/cm2 along the inner and left luminal surfaces 1-2 
dAo diameters distal to the LSA before decreasing to what appears to 
be a preferential TAWSS value of 15-20 dyn/cm2 in the dAo. For 
treated CoA patients, longitudinal distributions of TAWSS were 
significantly elevated along the outer luminal surface 1-2.5 dAo 
diameters distal to the LSA (eg. 1.5 dAo diameters beyond the LSA - 
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CoA=52.1±6.8 vs control=18.9±5.6 dyn/cm2). TAWSS values were 
also generally elevated in CoA patients, regardless of lumen surface 
(e.g. left, outer, etc), near two dAo diameters distal to the LSA, which 
corresponds to sites of residual or recurrent narrowing. TAWSS values 
for both control and CoA patients oscillated near the preferential value 
mentioned above beyond three dAo diameters downstream of the LSA, 
but longitudinal differences were not statistically different between 
groups. 
 
Figure 5 Ensemble-averaged longitudinal TAWSS plots comparing the six control 
subjects (solid lines) and age- and gender-matched coarctation patients treated by 
resection with end-to-end anastomosis (dashed lines) along the outer, anatomic right, 
anatomic left, and inner curvatures. * Statistically different from control subjects (P < 
0.05). Data are expressed as mean ± SEM. 
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Figure 6 Ensemble-averaged longitudinal OSI plots comparing the six control 
subjects (solid lines) and ageand gender-matched coarctation patients treated by 
resection with end-to-end anastomosis (dashed lines) along the outer, anatomic right, 
anatomic left, and inner curvatures. * Statistically different from control subjects (P < 
0.05). Data are expressed as mean ± SEM. 
There was a significant reduction in OSI values along the outer 
surface for CoA patients 1.5-2 dAo diameters distal to the LSA as 
compared to control patients (Figure 6). Conversely, OSI was 
significantly increased in the vicinity distal to residual or recurrent 
narrowings (3-4 dAo diameters) along the right and left luminal 
surface relative to control patients. OSI was also elevated along the 
inner surface of both CoA and control patients at this location. In 
general, patterns of OSI between the inner and outer luminal surfaces 
had opposing behaviors down the length of the dAo. This was also true 
for the left and right surfaces; when one side was subject to elevated 
OSI, the opposite side was experiencing a lower value. 
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Circumferential distributions of TAWSS and OSI 1-5 diameters 
distal to the LSA for each experimental group are shown in Figure 7. 
Consistent with WSS results quantified longitudinally, CoA patients 
experienced significantly elevated TAWSS at several locations along 
the outer right and left curvature one dAo diameter distal to the LSA 
relative to control values. TAWSS remained significantly elevated for 
CoA patients two dAo diameters beyond the LSA on the outer and 
inner portions of the anatomic right surface. There were no differences 
in OSI between groups 1-2 dAo diameters distal to the LSA. 
Conversely, OSI was statistically elevated along the anatomic left 
surface for CoA patients 3-4 dAo diameters distal to the LSA. Control 
subjects demonstrated a shift in the location of their maximum TAWSS 
values from the inner left (sectors 2-4) to outer left curvature (sectors 
4-8) from one to two dAo diameters distal to the LSA. Similarly, 
maximum OSI values shifted from the outer curvature (sectors 10-12) 
to the anatomic right curvature (sectors 15-16) at these locations. This 
shift in WSS indices occurred in a counter-clockwise manner, 
consistent with the left-handed helical flow quantified in this region as 
mentioned above, and continued 3 and 4 dAo diameters distal to the 
LSA. Distributions of TAWSS and OSI five dAo diameters distal to the 
LSA were similar to those at 4 diameters and there were no differences 
between groups for either index. Beyond 5 dAo diameters the impact 
of upstream narrowings in CoA patients had stabilized and changes in 
WSS indices at these further downstream locations were modest. 
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Figure 7 Ensemble-averaged circumferential TAWSS (left column) and OSI (right 
column) plots comparing the six control subjects (solid circles) and age- and gender-
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matched coarctation patients treated by resection with end-to-end anastomosis 
(hollow circles) 1, 2, 3, 4, and 5 diameters distal to the LSA. a = anatomic inner left 
curvature, b = anatomic outer left curvature, c = anatomic outer right curvature, d = 
anatomic inner right curvature. * Statistically different from control subjects (P < 
0.05). Data are expressed as mean ± SEM. Note the difference in scale for TAWSS 1 
and 2 diameters distal to the LSA. 
Discussion 
The objective of the current investigation was to use patient-
specific CFD modeling to elucidate patterns of velocity, TAWSS and 
OSI in the thoracic aorta of young control subjects and compare these 
to corresponding post-operative age- and gender-matched CoA 
patients treated by resection with end-to-end anastomosis. To our 
knowledge, this is the first study to characterize detailed patterns of 
WSS and OSI in the thoracic aorta for a cohort of control or CoA 
patients using CFD. While studies to date have provided important 
information, they have been limited to a single healthy patient, did not 
consider flow over the entire cardiac cycle and excluded the impact of 
the downstream vasculature resulting in potentially nonphysiologic 
flow or BP distributions. 
The primary finding of the current investigation is that the 
overall area of the dAo subjected to potentially adverse indices of WSS 
does not seem to differ significantly for CoA patients treated by 
resection with end-toend anastomosis, but localized differences in the 
indices as compared to control subjects suggest plaque formation may 
occur in unique locations that are influenced by the surgical repair. The 
mechanisms mediating plaque deposition in response to altered indices 
of WSS are still being elucidated in the human thoracic aorta, but 
coarctations induced in experimental animal models caused altered 
WSS and vascular biomechanics responsible for elevated NADPH 
oxidase and antioxidant enzyme expression which increased reactive 
oxygen species (ROS)(27). ROS and endothelial dysfunction commonly 
observed in CoA patients despite treatment(28) are known to be 
involved in the pathogenesis of atherosclerosis and are associated with 
concomitant alterations in WSS indices in other vascular beds(29). 
The current CFD results are consistent with velocity streamlines 
presented in recent imaging papers using 4D sequences with control 
subjects and a sampling of treated CoA patients(2, 30). For example, 
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systolic velocity streamlines presented here for the 13 yo male are 
strikingly similar to those included in a 2008 report by Hope et al.(30) 
while the velocity patterns for the collective groups of patients shared 
trends observed by the same investigators in a report of a larger, 
more heterogeneous population of CoA patients(2). Similarities 
between this imaging study and the current CFD investigation include 
marked alterations in velocity distributions throughout the dAo during 
systole and vortical flow in the vicinity of treatment. Differences in 
velocity between control and CoA patients in the current investigation 
are particularly interesting as Kilner et al. highlighted the continuity 
and smooth delivery of blood from the TA to arteries of the head and 
neck in control subjects as a result of axially-oriented flow becoming 
right-handed helical flow during systole(26). These flow patterns are 
thought to create elevated local pressure that may influence flow 
distributions to branch vessels under normal conditions. Interestingly 
CoA patients are prone to cerebrovascular events and it is possible 
that alterations in upstream hemodynamics shown here could be 
related to this finding. 
Previous imaging studies quantifying TAWSS in the thoracic 
aorta of control subjects reported findings consistent with those 
revealed by our CFD analysis when correcting for flow distributions to 
intercostal arteries and differences in viscosity values used in the 
calculation of TAWSS. The helical flow patterns seen in the current 
study were also observed by Wentzel et al.(4) in their study of WSS in 
the human thoracic aorta using PC-MRI. A recent CFD study using MRI 
data from a single patient and steady representation of average flow 
over the cardiac cycle as input to the model demonstrated that aortic 
arch torsion, as compared to a straight dAo segment, is important for 
improved oxygen flux to the arterial wall(31). Interestingly, the 
authors’ index for swirling or helical flow peaked near the proximal 
portion of the dAo, depended on dAo taper, and was reduced to zero 
beyond sites corresponding to ~5 dAo diameters distal to the LSA in 
the current study. A previous study by Frydrychowicz et al. also used 
3D MRI to investigate blood flow patterns in the thoracic aorta of 
surgically repaired coarctation patients(3). However, WSS values 
included in this previous report were determined from velocity values 
obtained during imaging and the proximity of measured near-wall 
velocity vectors to the luminal surface have a large impact on the 
reported values. Results from the current investigation suggest that 
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the inner curvature of the luminal surface within the TA may be most 
susceptible to adverse indices of WSS (TAWSS and OSI) in control 
subjects and that this region of susceptibility proceeds in a left-handed 
manner from 1 to 5 diameters distal to the LSA until both indices are 
relatively uniform along the circumference of the vessel. Regions of 
elevated velocity in locations of residual narrowing corresponded to 
significantly higher TAWSS in the CoA patient group at 1 and 2 
diameters distal to the LSA. This difference was followed by regions of 
flow separation at 3 and 4 diameters downstream. 
CFD offers great promise for the field of congenital cardiac 
surgery and intervention. If specific physiological and structural 
outcomes are related to adverse hemodynamics, restoring more 
favorable patterns that improve local blood flow velocities and indices 
of WSS could be used to design optimal surgical reconstructions and 
may facilitate prediction or insight into patient outcomes. This 
approach has been successfully applied to other congenital heart 
defects, specifically malformations resulting in a single functioning 
ventricle. CFD simulations of the Fontan procedure has led to several 
technical modifications demonstrated to be hemodynamically superior 
to previous surgical techniques. Figure 8 offers examples of how 
results from the current investigation can be conveyed within a clinical 
environment to track regions of hemodynamic susceptibility in 
longitudinal studies. For example, values of TAWSS below a defined 
threshold (15 dyn/cm2) for the 5 yo male treated for CoA were isolated 
and expressed within a Visualization ToolKit (vtk) file for simultaneous 
viewing with the MRA data (Figure 8, left). Numerous pediatric 
centers, including the two involved in the current investigation, 
frequently present patient history with corresponding catheterization 
and imaging data for scheduled procedures during weekly clinical 
conferences. Using the methods presented here, subnormal TAWSS 
values (or other hemodynamic indices) at spatially localized regions of 
the vasculature can be simultaneously viewed with morphologic 
imaging data to determine how these regions of potentially adverse 
hemodynamics change over time and coincide with disease. Imaging 
data is routinely used in longitudinal studies of vascular pathology and 
isolating regions of potential concern from CFD could provide 
additional clinically useful information. As a second example, TAWSS 
values for this patient were also displayed similar to gene chip results 
for each of the 16 sectors and longitudinal locations distal to the LSA 
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discussed above (Figure 8, right). TAWSS values two standard 
deviations greater or smaller than values at spatially equivalent 
locations determined from the collective group of control subjects are 
expressed as green and red circles, respectively. Presenting results in 
this way allows for rapid detection of values beyond some statistical 
limit (in this case two standard deviations). The template to which CoA 
patients are compared will obviously be improved as additional 
patients are studied and could also be isolated for patients within 
subcategories such as age, gender or treatment approach. Future 
studies using these or other methods will ultimately determine the 
impact and extent that any altered local indices has on outcomes for 
patients with CoA. 
 
Figure 8 Examples of how results from the current investigation can be conveyed 
within a clinical environment to track regions of hemodynamic susceptibility in 
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longitudinal studies. Values of TAWSS below a preferential threshold can be viewed 
simultaneously with morphologic imaging data such as that from magnetic resonance 
angiography as shown in the image on the left. Hemodynamic indices such as TAWSS 
can also be further averaged over smaller circumferential and longitudinal locations 
and displayed similar to gene chip results. The image on the right indicates which of 
the 16 sectors and longitudinal locations distal to the LSA from the simulation of a 5 
yo male treated for CoA by resection with end-to-end anastomosis contain TAWSS 
values two standard deviations above (green circles) or below (red circles) values at 
spatially equivalent locations determined from the collective group of control subjects. 
The current results should be interpreted with the constraints of 
several potential limitations. Temporal changes in the AscAo inflow 
velocity profile due to valve morphology were not incorporated into the 
CFD models. Consequently indices of WSS were only quantified in the 
dAo where the influence of aortic valve morphology is modest(25). 
Sample sizes for each group were small due to the scarcity and 
heterogeneity of CoA patients at a given institution. Thus, findings 
reported here should be verified for additional CoA patients over an 
expanded age range. CoA patients and controls were not matched for 
other factors such as lipid and inflammatory status. A constant 
viscosity was used for all patients. Although the global shear rate in 
the thoracic aorta is well within the Newtonian region of the shear 
thinning curve for whole blood, regions within the CFD models 
containing low shear rates may be within the portion of the curve 
where a non-Newtonian fluid assumption would provide more realistic 
local WSS results. Simulations were performed using a rigid wall 
assumption since detailed material properties were not available. We 
have previously shown that cyclic strain may be reduced in treated 
CoA as compared to control patients(7). Therefore, incorporating 
vessel compliance(32) could provide more realistic values for indices of 
WSS when compared to those presented here. While the total dAo 
area exposed to subnormal TAWSS was not statistically different 
between groups, the percentage of the dAo exposed to low TAWSS 
was larger for control patients due to the contribution of the higher 
values surrounding the coarctation region of treated CoA patients. 
In summary, results from the current investigation confirm and 
extend those from previous imaging reports by quantifying and 
characterizing the impact of altered blood flow patterns on indices of 
WSS thought to contribute to long-term morbidity for cohorts of 
control patients and those undergoing the most common surgical 
treatment for CoA. 
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Supplementary Material 
Supp Fig S1-S2 
 
Figure 1S. Blood flow velocity streamlines during early systole for the six control 
subjects (top row) and age- and gender-matched coarctation patients treated by 
resection with end-to-end anastomosis (bottom row). 
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Figure 2S. Blood flow velocity streamlines during late systole for the six control 
subjects (top row) and age- and gender-matched coarctation patients treated by 
resection with end-to-end anastomosis (bottom row).   
 
